We consider the four-point function of the lowest scalar in the stress-energy tensor multiplet in N = 8 ABJ(M) theory [1, 2] . At large central charge c T ∼ N 3/2 , this correlator is given by the corresponding holographic correlation function in 11d supergravity on AdS 4 × S 7 . We use Mellin space techniques to compute the leading 1/c T correction to anomalous dimensions and OPE coefficients of operators that appear in this holographic correlator. For half and quarter-BPS operators, we find exact agreement with previously computed localization results. For the other BPS and non-BPS operators, our results match the N = 8 numerical bootstrap for ABJ(M) at large c T , which provides a precise check of unprotected observables in AdS/CFT.
Introduction
The AdS 4 /CFT 3 correspondence relates M-theory on AdS 4 × S 7 to certain 3d maximally supersymmetric (N = 8) superconformal field theories (SCFTs). These 3d SCFTs can all be described by a few infinite families of Chern-Simons (CS) theories with a product gauge group G 1 × G 2 coupled (in N = 3 notation) to two matter hypermultiplets transforming in the bifundamental representation. The ABJM N,k family [1] has gauge group U (N ) k × U (N ) −k , where the CS coupling k = 1, 2.
1 The ABJ N family [2] has gauge group U (N + 1) 2 × U (N ) −2 , where k is now fixed to 2 2 . We refer collectively to both families as ABJ(M).
These theories are conjectured to be effective theories on N coincident M2-branes placed at a C 4 /Z k singularity, so that when N → ∞ they contain a sector described by weakly coupled supergravity on AdS 4 × S 7 . It is convenient to parameterize these theories by the central charge c T , which is defined as the coefficient of the canonically normalized stress tensor two point function [10] T µν (x)T ρσ (0) = c T 64 (P µρ P νσ + P νρ P µσ − P µν P ρσ ) 1 16π 2 x 2 ,
where P µν ≡ η µν ∇ 2 − ∂ µ ∂ ν and c T = 1 for a real massless scalar or Majorana fermion. As N → ∞, we have [11] c T ≈ 64 3π
so that the c T → ∞ limit of ABJ(M) is conjectured to describe weakly coupled supergravity.
The conjectured relation between ABJ(M) and M2-branes has been checked in several ways. The original authors [1] matched the moduli spaces and chiral operators on each side.
The index of chiral operators was computed and matched in [12] . The S 3 free energy was matched at leading order in 1/c T [13, 14] and subsequently the logarithmic term [15] . Aside from the logarithmic term, none of these matches have gone beyond leading order, though, nor have they matched any unprotected local CFT data (i.e. scaling dimensions and OPE coefficients). A major difficulty is that the IR fixed point of ABJ(M) is strongly coupled for all c T , while at large c T it is difficult to compute even tree level four-point functions in weakly coupled supergravity on AdS 4 × S 7 .
Progress was made recently in [16] , which computed the tree level supergravity contribution to the Mellin space [17] holographic four point function of the lowest scalar in the stress tensor multiplet. 3 This correlator was then expanded in terms of conformal blocks to read off the 1/c T correction to the scaling dimension of the lowest unprotected operator that appears, which was matched to the large c T limit of ABJ(M) theory 4 computed from the N = 8 numerical bootstrap [37] .
We extend this result by extracting the 1/c T corrections to the rest of the low-lying CFT data in this Mellin amplitude, including both BPS and non-BPS operators. Three new difficulties appear when considering operators other than the lowest unprotected operator.
Firstly, the superconformal primary for a given multiplet may appear as a conformal primary in another multiplet, so expanding in conformal blocks is ambiguous. We resolve this problem by expanding in superconformal blocks, using the explicit expressions computed in [11] . Secondly, unlike in even dimensions, there is no closed form for the 3d conformal blocks, which makes it hard to extract CFT data from Mellin amplitudes for arbitrary twist and spin, as was done in even dimension [25, 38, 39] . In this work, we develop an efficient algorithm for extracting CFT data order by order in the twist, based on the expansion of 3d conformal blocks into lightcone blocks initiated in [40, 41] . Lastly, we expect there to be n+1 unprotected operators with the nth lowest twist, so for all but the lowest twist there will be mixing that cannot be resolved from studying the stress tensor four-point function alone.
For these higher twist operators, our results should be interpreted as weighted averages, as we will explain further below.
After extracting the 1/c T corrections to the CFT data, we compare to previously computed analytical and numerical results. The OPE coefficients of BPS operators in the stress tensor four-point function were computed to all orders in 1/c T in [37] by applying matrix model techniques [42, 43] to the 1d topological sector [44] of 3d N = 8 theories. 5 We find that the 1/c T terms in these expressions exactly match our Mellin space calculation.
For the other CFT data, we compare to the N = 8 numerical bootstrap results for ABJ(M)
at large c T [37] , and find a precise numerical match.
6
These matches constitute a precision test of AdS 4 /CFT 3 for the following reasons. The
Mellin space calculation relied on the assumption that supergravity has a standard twoderivative Einstein-Hilbert term and is equivalent to summing up the appropriate Witten diagrams, and so can be considered an AdS 4 calculation. The exact calculation of the BPS OPE coefficients used the explicit form of the ABJ(M) lagrangian, and so is necessarily a CFT 3 calculation. The numerical bootstrap results were computed by assuming that ABJ(M) at large c T saturates the boundary of the allowed region of N = 8 theories, in which case it is expected to be the unique solution of the bootstrap equations. This assumption was motivated by observing that the allowed region was saturated at large c T by the known curves for the -BPS OPE coefficients, and so must also be considered a CFT 3 calculation.
The rest of this paper is organized as follows. In Section 2 we review the decomposition of the four-point function of the lowest scalar in the N = 8 stress-tensor multiplet. In Section 3,
we review the computation of the leading order CFT data in this correlator. In Section 4, we present an algorithm for extracting CFT data from maximally supersymmetric AdS 4 Mellin amplitudes, and apply it to the tree level amplitude computed in [16] . We then compare previously computed analytical and numerical results. In Section 5 we end with a discussion of our results and future directions. Appendix A reviews how to compute lightcone blocks from 3d blocks.
2 Four-point function of stress-tensor
Let us begin by reviewing some general properties of the four-point function of the stresstensor multiplet in an N = 8 SCFT, and of the constraints imposed by the osp(8|4) superconformal algebra (for more details, the reader is referred to e.g. [49] [50] [51] ).
Unitary irreps of osp(8|4) are specified by the quantum numbers of their bottom component, namely by its scaling dimension ∆, Lorentz spin j, and so(8) R-symmetry irrep with Dynkin labels [a 1 a 2 a 3 a 4 ], as well as by various shortening conditions. There are twelve different types of multiplets that we list in Table 1 . The stress-tensor multiplet is of (B, +) type, and its superconformal primary has ∆ = 1, 
In the rest of this paper we will only consider the four-point function of O Stress ( x, Y ). 
Superconformal invariance implies that it takes the form
G M are superconformal blocks, and λ 2 M are the OPE coefficients squared for each supermultiplet M. In Table 2 we list the M that may appear in this four-point function, following the constraints discussed in [52] . Since these are the only multiplets we will consider in this paper, we denote the short multiplets other than the stress-tensor as (B, +) and (B, 2), the semi-short multiplets as (A, 2) j and (A, +) j where j is the spin, and the long multiplet as (A, 0) j,n,q , where n = 0, 1, . . . denotes the leading order twist 2n + 2 and q = 0 , . . . n denotes the distinct operators with the same leading order quantum numbers.
Of particular importance will be the OPE coefficient for the stress-tensor multiplet. In the conventions of [11] , if we normalize O Stress such that the OPE coefficient of the identity operator is λ Id = 1, then
where c T is the coefficient appearing in the two-point function (1) . These conformal primaries can be found by decomposing osp(8|4) characters [51] into characters of the maximal bosonic sub-algebra so(3, 2) ⊕ so (8) . This decomposition was performed in [11] . For instance, the conformal primaries that can contribute to G Stress are given in Table 3 . For the other G M , see Table   4 − 8 in [11] . The superconformal block G M ∆,j whose superprimary has dimension ∆ and spin j can then be decomposed into conformal blocks G ∆ ,j of the conformal primaries in M as
where the quadratic polynomials Y ab (σ, τ ) are eigenfunctions of the so(8) Casimir, and are given in [53, 54] as
The A M ab∆ j (∆, j) are rational function of ∆ and j that were computed in [11] using the superconformal Ward identity derived in [55] . For instance, for G Stress we have
which corresponds to the conformal primaries in Table 3 . For the other G M , see Appendix C in [11] .
c T → ∞ theory
We will now compute the CFT data in the O Stress four-point function in a 1/c T expansion. We expect scaling dimensions of the unprotected (A, 0) j,n,q and OPE coefficients of all operators to get corrections as
We begin by reviewing the strict c T → ∞ limit. From the AdS 4 perspective, this limit corresponds to classical supergravity on AdS 4 × S 7 , so the stress tensor four-point amplitude is given by disconnected Witten diagrams, which contribute only to double trace operators
From the CFT 3 perspective, this limit corresponds to a generalized free field theory (GFFT) generated by the dimension one operator O Stress . The O Stress four-point function can be computed from Wick contractions using the two-point function
, which gives the leading order conformal block expansion
We can now determine the leading order scaling dimensions ∆
M and OPE coefficients squared a (0) M by expanding (11) into superconformal blocks G M (U, V, σ, τ ) and then comparing to (4) . To perform this expansion it is convenient to use the r and η variables defined in [56] as
The advantage of the r and η variables is that in the r → 0 limit for fixed η, the conformal blocks G ∆,j (r, η) can be organized according to their scaling dimension as
where the higher orders in r can be found, for instance, in [57] . Using this expansion, and the explicit definitions of G M (r, η, σ, τ ) in terms of G ∆,j (r, η) given in (7), we can efficiently read off the leading order in 1/c T OPE coefficients listed in Table 4 , as well as the leading order scaling dimensions for the unprotected operator (A, 0) j,n,q , which takes the form
Note that the CFT data for (A, 0) j,n,q does not depend on q to this order.
1/c T corrections
We now compute the 1/c T correction to OPE coefficients and scaling dimensions of operators in the O Stress four point function. From the CFT 3 perspective, the only quantities that have been computed analytically to this order are the short operator OPE coefficients λ (B,2) and λ (B,+) , which are known to all orders in 1/c T . The other CFT data has been computed numerically for all c T using the conformal bootstrap in [37] . We will describe these CFT results in more detail in Section 4.3, when we compare them to the AdS 4 results.
From the AdS 4 perspective, the 1/c T correction corresponds to tree level supergravity on 
four-point function receives contributions from contact and exchange Witten diagrams of single trace operators. This correlator was computed explicitly in Mellin space in [16] . We will now review this Mellin space amplitude, and then extract all the relevant CFT data from it.
Mellin space amplitude
The connected Mellin space amplitude M (s, t) for four identical scalars with scaling dimension ∆ is defined in terms of the connected conformal block expansion A defined in (4) as
where the Mellin space variables satisfy the constraint s + t + u = 4∆. The two integration contours run parallel to the imaginary axis, such that all poles of the Gamma functions are on one side or the other of the contour. The poles of the Gamma functions precisely capture the contribution of double trace operators in the OPE. The contributions from the single trace exchange and the contact diagrams were computed by [16] using the superconformal Ward identities [55] and the assumption that the contact diagram is linear in s, t, u, which is implied by the two derivative Einstein-Hilbert term in the supergravity action. The resulting Mellin amplitude takes the form
where the contact term is
and the s-channel exchange term receives contributions from the graviton, vector, and scalar components of the graviton multiplet as
2 − 8ms + 8m + 4s 2 + 8st − 20s + 8t 2 − 32t + 35 s − (2m + 1) ,
− m]
.
The t-and u-channel exchange is related to the s-channel exchange by crossing symmetry
Finally, the overall coefficient λ s is normalized in terms of λ 2 Stress . In [16] , this was written for ABJM N,1 as
Comparing this to our large N expression for c T in (2), we get
which completes the description of the tree level Mellin amplitude M (s, t; σ, τ ).
Extracting CFT data
To extract OPE coefficients and scaling dimensions from the tree level amplitude, we need to expand the conformal blocks in A defined in (4) to order 1/c T . Using the expansion of the CFT data in (10), we find that the tree level coefficient in
where the subscript ∆
M denotes that the blocks for the unprotected operators should be evaluated with the leading order scaling dimension.
If we had an explicit position space expression for A (1) (U, V ; σ, τ ), as we had for the leading order A (0) (U, V ; σ, τ ) in (11), then we could simply expand in r and η variables as described in Section 3. The integrals in the Mellin transform (15) that relate M (s, t; σ, τ )
to A(U, V ; σ, τ ) cannot be performed for arbitrary U and V , however, so we cannot obtain the CFT data using the expansion in r of Section 3. Instead, as is standard in the Mellin space literature, we use the lightcone expansion U 1 for fixed V . The conformal blocks are expanded as
where the lightcone blocks g
∆,j (V ) are labeled by the k-th lowest twist, and are only functions of V . They can be computed by decomposing 3d conformal blocks to 2d [40] , which we review in Appendix A, and the answer can always be written as a finite sum of 2 F 1 hypergeometric function. For instance, for k = 0, 1 the lightcone blocks are
Using (23) and the expansion (7) of superconformal blocks into conformal blocks, we can expand A (1) in (22) for U 1 as
∆ ,j (V )
Note that for the unprotected (A, 0) j,n,q , the conformal primary scaling dimensions ∆ are shifts of the superconformal primary scaling dimension ∆, so the ∆-derivative will act on these conformal blocks as well as their coefficients A M ab∆ j (∆, j). The utility of the lightcone expansion is that the U -dependence corresponds to the twist ∆ − j of a conformal primary, and the log U term distinguishes between the scaling dimension and the OPE coefficient of that primary. In the Mellin transform (15) , one can isolate the U ∆ −j 2 +k factor by taking the residue of the pole s = ∆ − j + 2k. The t-integral can then be performed by summing all the poles, which yields a function of V .
We can then extract the coefficients of a set of lightcone block using the orthogonality relationship for hypergeometric functions [58] 
where we choose a contour that only contains the pole V = 1. For instance, if we multiply
(1 − V ) and take the residue at V = 1, then we will pick out all lightcone blocks g
∆,j (V ) with j = j , j + 2, . . . , j + 2k, as well as all
∆,j (V ) with j < j + 2k − 1. Combined with our ability to select the twist ∆ − j and R-symmetry structure Y ab (σ, τ ), as well as our knowledge of how each conformal primary contributes to the superconformal multiplet, this is enough to recursively solve for all ∆ ∆ ,j (V ) with j = j, j + 2, . . . , j + 2k and ∂ ∆ g ∆ ,j (V ) with j < j + 2k − 1 in (25) , which includes the block g ∆,j (V ) for the desired conformal primary.
5. Perform the convergent infinite sum over m, from the exchange terms in (18).
6. Solve for the desired CFT data from (25) using the explicit expressions for A M ab∆j in Appendix C of [11] and subtract any other CFT data with the same U -dependence that remained after the V -integral in Step 4.
We will now demonstrate this algorithm in a series of increasingly more complicated examples for low-lying CFT data in the stress tensor four-point function. We begin with the short multiplets (B, +) and (B, 2). For (B, +), we choose the conformal primary (2, 0) [0040] , which happens to be the superconformal primary. This is a convenient choice, because it is the only conformal primary in any M with these quantum numbers, unlike e.g. (3, 1) [0120] which appears in (B, 2) and (A, +) 0 . We now take the residue of the pole s = 2 in (15), and find that the coefficient of U Y 22 in A(U, V ; σ, τ ) is
a
where γ is the Euler-Mascheroni constant and ψ is the Digamma function. This expression has t > 0 poles for t ∈ 2Z + , and t = 2m + 1 in the sum. We sum the residues from these poles, and then multiply by
and take the residue at V = 1 to get
(−1) m 512 7 + 4m + 4ψ
From the block expansion for A(U, V ; σ, τ ) in (25), we see that integrating against For the semi-short operator (A, +) j , we choose the conformal primary (j + 4, j + 2) [0040] .
Note that this is not the superconformal primary, but it has the advantage of being the only conformal primary in M with these quantum numbers for any j. If we had chosen the superconformal primary (j + 2, j) [0020] , then for j = 2 this primary would have appeared in both (A, +) 0 and (A, +) 2 . Another advantage of (j + 4, j + 2) [0040] is that it has the same twist and irrep as the conformal primary (2, 0) [0040] that we chose for (B, +), so we can use the same expression A U Y 22 [V ] that was computed in (27) . We now extract g
j+4,j+2 (V ) by integrating with
(V −1) j+3 , and perform the sum in m to find 
From the block expansion (25) we find
where we used A 
The calculation for (A, 2) j is more subtle, because there is no longer a twist 2 conformal
primary that only appears in (A, 2) j . We choose the conformal primary (j + 4, j + 2) [0120] , because it overlaps with fewer multiplets than other choices. Performing the usual first few steps, we find 
From the block expansion (25) and the tables in [11] we find
where now we must already know a
to determine a We will now demonstrate how to compute the sub-leading scaling dimension for the unprotected operator (A, 0) j,n,q with twist 2n+2 and spin j. At order 1/c T , there are n+1 distinct operators of this form, which can be written as double traces of -BPS operators:
where O p for p = 2, 4, . . . are Table 1 . In the strict c T → ∞ limit, all such operators with the same n were indistinguishable and so we could refer to them all by the p = 2 operator, with scaling dimension (14) . At order 1/c T , however, we expect each operators with different q to have different scaling dimensions and OPE coefficients, just like in the maximally supersymmetric AdS 5 /CFT 4 case [59, 60] .
For n > 0, we refer to our results as ∆
(1) (A,0) j,n,q to emphasize that they are weighted averages of all n + 1 operators of this form.
Let us begin with the lowest operator n = 0 for a given spin j, which has ∆ (0) (A,0) j,0,0
i.e twist 2. Since only (A, 0) j,n,q operators have anomalous dimensions, when choosing a conformal primary we need only check how many times it appears in (A, 0) j,n,q . From Table   6 in [11] , we see that for ∆ = j + 2 the only unique conformal primary is (j + 4, j + 2) [0020] .
We now perform the usual steps of projecting to Y 11 , taking the s = 2 pole, performing the sum over poles in t, extracting g
j+4,j+2 (V ), and then performing the sum over m, except we now choose the U log U coefficient because that is what multiples ∆ (1) (A,0) j,0,0 in (25). We find
where a (0) (A,0) j,0,0 are listed for j = 0, 2, . . . , 12 in Table 4 . Comparing this to (38) we get
where ∆
(1) 0,0,0 was already obtained by [16] using the superconformal primary (2, 0) [0000] . We now move on to the second lowest twist operators (A, 0) j,1,q , which has ∆ (0) (A,0,m) j,1,q = j +4, i.e. twist 4. While there is no twist 4 conformal primary that only appears in (A, 0) j,1,q , we choose (j + 6, j + 2) [0120] , because it overlaps with fewer multiplets than other choices.
Performing the same first few steps as with (A, 0) j,0,0 , except now choosing the U 2 log U coefficient and integrating against
In the block expansion (25) we expect to receive contributions from other twist 4 blocks
j+4,j (V ), as well as the k = 1 correction to twist 2 blocks g [1] j +2,j (V ) for j = j, j + 2. Using the explicit formula for these blocks in (24) , as well as the tables in [11] , we get
where we must already know ∆ . Using the formulae for the former in (40) and comparing to (41), we find 
which exactly matches the supergravity results (29) and (30) .
There are no exact results for the other operators in O Stress × O Stress , but the conformal bootstrap was used to estimate their correction at large c T in [37] . In Table 5 , we compare the numerical CFT 3 predictions to the analytic AdS 4 results computed here. For the semishort operators (A, 2) j and (A, +) j and the lowest unprotected operator (A, 0) j,0,0 , we find precise agreement for every value of j. In Figure 1 we compare the numerical plots of the semi-short OPE coefficients λ For the second to lowest (A, 0) j,1,q , we have only been able to compute the average
of the two such operator given in (37) for q = 0, 1. The numerical bootstrap was used to compute the anomalous dimension of the lower of these two operators, and so a direct comparison is not possible with this information. Nevertheless, by analogy to the explicit answer for all n, j, q in the AdS 5 /CFT 4 case [59, 60] , we expect that the q-dependence is suppressed at large j. This expectation is confirmed in Table 5 , where we find that ∆
(1) (A,0) j,1,q and the bootstrap result are very different for small j, but become quite similar for larger j, e.g. j = 10. Note that the bootstrap results for (A, 0) j,n,q for j > 4 are unpublished results computed using the methods of [37] , which are being reported here for the first time.
Conclusion
In this paper we have developed an efficient algorithm to extract CFT data from Mellin space amplitudes for M-theory on AdS 4 × S 7 dual to N = 8 SCFT. We then used this algorithm to compute the 1/c T correction to the OPE coefficients of protected operators and the anomalous dimensions of unprotected operators from the tree level Mellin amplitude computed in [16] for the holographic dual of the four-point function of the lowest scalar in the stress-tensor multiplet. This Mellin amplitude was computed using the assumption that the supergravity Lagrangian has a two derivative Einstein-Hilbert kinetic term, and so for the semi-short operators of spin j, computed from the numerical conformal bootstrap for ABJ(M) in [37] and the supergravity calculation in this work. Exact formulae for supergravity are given in (33), (36) , (40) , and (43). For n > 0, the exact results refer to averages over n + 1 distinct operators with the same quantum numbers, as denoted by the overline, while the bootstrap results refers to the lowest of these mixed operators. (36) and (33) .
should be considered an AdS 4 gravity calculation. We compared the CFT data extracted from this Mellin amplitude to the same data computed using details of the ABJ(M) theories, and found several remarkable matches.
For the OPE coefficients of the short (B, 2) and (B, +) multiplets, we have exactly matched the tree level supergravity result to the 1/c T term from the all orders in 1/c T formula computed from the protected 1d theory in [37] . This formula was derived using the Lagrangian of ABJ(M) theory, and so is an inherently CFT 3 result. The match between the AdS 4 supergravity and CFT 3 results at order 1/c T are a remarkable check of AdS 4 /CFT 3 at the level of local operators at tree level.
For the other CFT data, we compared the supergravity results to the N = 8 numerical bootstrap results of [37] , which for large c T are expected to describe all N = 8 ABJ(M) theories. This comparison is summarized in Table 5 . The OPE coefficients of the semi-short multiplets (A, 2) j and (A, +) j and the scaling dimensions for the lowest twist unprotected multiplet (A, 0) j,0,0 match precisely for all spin j. For the second lowest twist (A, 0) j,1,q multiplets, we expect there to be two distinct operators q = 0, 1 with these quantum numbers, so we have only been able to compute the average of their scaling dimensions for each j.
We find that this average converges to the bootstrap prediction for the lowest of these two operators as j increases. This is consistent with the analogous case of maximally supersymmetric AdS 5 /CFT 4 , where the dependence on q in the unmixed answer is also subleading in j [59, 60] . The matches we find for this unprotected CFT data, along with the recent calculation of ∆ Looking ahead, it would also be nice to find a formula for general j, n, and q for the tree level contributions to double trace operators (A, 0) j,n,q , as was found for AdS 5 /CFT 4 [59, 60] .
In that latter case, the general tree level calculation was a prerequisite for the order 1/c 2 T one-loop calculation, and we expect the AdS 4 /CFT 3 case to be similar. To find this general formula, one will likely need to consider more general four-point functions in order to unmix the (A, 0) j,n,q operators with n > 0. Another major barrier to finding such a formula is that unlike the even dimensional blocks, the 3d blocks are not known in closed form, and so the algorithm presented in this work must be implemented order by order in n and j for each q, even before we consider mixing. At the very least, it would be worth unmixing the two operators for the n = 1 case discussed in this work, so that we can precisely compare to the bootstrap results. 
A Lightcone blocks
In this appendix, we review the results of [40] that we use to construct the lightcone blocks
∆,j (V ) in the expansion of the 3d conformal block G ∆,j (U, V ) in (23) .
We begin by defining the 2d global conformal blocks 
where F p (x) was defined in (26) . We now decompose G ∆,j (U, V ) into K ∆,j (U, V ) as
where in the conventions defined in (13) the coefficients A k,j (∆, j) are
